Abstract: We demonstrate simultaneous femtosecond pulse generation at 1.55 and 1.07 µm using a passively mode-locked Er-and Yb-doped fiber laser whose two ring cavities share the same SWNT saturable absorber. Pulse widths as short as 270∼290 fs were simultaneously obtained at both wavelengths.
Introduction
A passively mode-locked fiber laser using a single-wall carbon nanotube (SWNT) saturable absorber is an attractive light source for ultrashort pulse generation with a simple structure [1, 2, 3, 4 ]. An SWNT is particularly beneficial in terms of its high nonlinearity and ultrafast recovery time of less than 1 ps in the near-infrared region [5] . Since the energy bandgap depends on the nanotube diameter [6] , the SWNT diameter must be carefully selected depending on the operation wavelength, such as 1.2 nm for 1.5 µm and 0.8 nm for 1.1 µm. This is in contrast to graphene, whose bandgap is zero, which means it acts as a saturable absorber over a wide wavelength range. This unique property of graphene has made it possible to realize simultaneous mode locking at 1.55 and 2.0 µm in an Er-and Tm-doped fiber laser with a single graphene saturable absorber [7] . Even with an SWNT, we can also expect to realize such simultaneous mode locking in different wavelength bands if SWNTs with different tube diameters are distributed inside a saturable absorber.
In this paper, we demonstrate simultaneous femtosecond pulse generation at 1.55 and 1.07 µm using a passively mode-locked Er-and Yb-doped fiber laser whose two ring cavities share the same SWNT saturable absorber. The repetition rates at 1.55 and 1.07 µm were 42.0 and 16.4 MHz, respectively. An SWNT-based dual-wavelength mode-locked Er and Yb fiber laser was reported in [8] , in which the S 1 and S 2 absorptions of a single type of SWNT were utilized for mode locking at 1.5 and 1.1 µm, respectively, but the obtained pulse widths were 2∼6 ps. Since the nonlinear susceptibility of S 2 absorption is generally lower than that of S 1 absorption, it is more beneficial if the latter can be adopted for both wavelengths. Here, we intentionally take advantage of the inevitable diameter distribution of SWNTs produced by the high-pressure carbon monoxide (HiPCO) method, so that the S 1 absorption takes place at both 1.5 and 1.1 µm. As a result, pulse widths as narrow as 270∼290 fs were simultaneously obtained at 1.55 and 1.07 µm.
Experimental setup
The SWNT saturable absorber we used was produced by the HiPCO method. Unlike those produced by the Co-Mo Catalysis (CoMoCAT) method, in which the SWNT diameter is highly selective, the SWNTs inevitably have a large diameter distribution with the HiPCO method. However, this enables the saturable absorption effect to take place over a wide wavelength range. The SWNTs were dissolved in polyvinyl alcohol (PVA) [9] using ultrasonification, where the SWNTs were dispersed in advance in an aqueous solution containing sodium deoxycholate. Fig. 1 (a) and (b) show the saturable absorption characteristics of the SWNT/ PVA film thus obtained, measured at 1.5 and 1.1 µm, respectively. Here, the transmittance was fitted with the following equation:
where L is the thickness, 1 is the absorption in the saturated regime with a sufficiently high incident power, 0 represents the degree of saturable absorption (modulation index), and I s is the saturation intensity. From the curve fitting, the 0 L magnitude was 0.1 at 1.5 µm and 0.006 at 1.1 µm. The modulation index at 1.1 µm, which is defined by the transmission difference in Fig. 1(b) , is more than two orders of magnitude smaller than at 1.5 µm seen in Fig. 1(a) . This is due to the fact that with the HiPCO method optimized at 1.5 µm the distribution ratio of SWNTs with a 0.8 nm diameter (1.1 µm) was much smaller than that of SWNTs with a 1.2 nm diameter (1.5 µm). As regards the saturation intensity, I s was 30 and 18 MW/cm 2 at 1.5 and 1.1 µm, respectively, indicating that the saturable absorption occurs at a lower optical power in the 1.1 µm regime. Fig. 1 also shows that the SWNT/PVA film exhibits lower loss at 1.1 µm. Based on these results, and in order to deal with the lower modulation index and improve the saturable absorption efficiency at 1.1 µm, we inserted three films between the fiber connectors. Fig. 2 shows the configuration of a dual-wavelength mode-locked Er-and Ybdoped fiber laser. It consists of two ring cavities sharing the same SWNT saturable absorber via 1.07/1.55 µm WDM couplers. The saturable absorber consists of the SWNT/PVA films described above, which were inserted between the fiber con- nector ends. The cavities of the two lasers were optimized so that they both operated as soliton lasers. The 1.5 µm laser, which is shown at the top of Fig. 1 , consisted of a 1.9 m-long erbium-doped fiber (EDF), which was pumped by a 980 nm laser diode (LD), a polarization controller for maintaining a fixed polarization state for stable laser operation and an isolator that allowed the pulse to propagate in a clockwise direction. The 1.5 µm laser cavity was 4.7 m long, corresponding to an FSR of 42.0 MHz, and therefore a repetition rate of 42.0 MHz, and had an average dispersion of +4.9 ps/nm/km. The 1.1 µm laser, shown at the bottom of Fig. 1 , consists of a 4.8 m-long ytterbium-doped fiber (YDF) pumped by another 980 nm LD, a polarization controller, and an isolator. The absorption coefficient of the YDF was 450 dB/m at 980 nm. We used a relatively long YDF to increase the gain and compensate for the increased cavity loss caused by the inclusion of three SWNT/PVA films. Because of the large normal dispersion of YDF (−48 ps/nm/km), we inserted a 4.6 m photonic crystal fiber (PCF) with a dispersion of +79 ps/nm/km, which made the average cavity dispersion anomalous (+0.75 ps/nm/km). The total cavity length of the 1.1 µm loop was 12.5 m, which corresponds to an FSR of 16.4 MHz, and hence a repetition rate of 16.4 MHz. The repetition rates of the 1.5 and 1.1 µm lasers can be synchronized if the cavity lengths of the two lasers are set closer and nonlinear coupling of the two pulses such as cross-phase modulation is incorporated [10, 11] . The pulse propagates in the clockwise direction in the 1.1 µm loop, so the 1.5 and 1.1 µm pulses propagate through the SWNT in opposite directions. The laser oscillation characteristics are independent of the propagation direction of the 1.5 and 1.1 µm pulses in the SWNT as long as the repetition rates of the two lasers are not synchronized. If the two laser oscillations are synchronized, the co-propagation of two pulses in the same direction inside the SWNT may affect the mode-locking performance. 
Experimental results
Figs. 3 and 4 show the laser output characteristics at 1.55 and 1.07 µm, respectively, during simultaneous independent mode-locking operations. Fig. 3(a) shows the output power versus the pump power of the 1.55 µm mode-locked Er-doped fiber laser. The threshold power was approximately 50 mW. Fig. 3(b) and (c) show the autocorrelation waveform and optical spectrum of the Er laser output, respectively, for a pump power of 120 mW. The output power was 2.9 mW, and a 274 fs pulse was generated with a spectral width of 9.9 nm, which corresponds to a timebandwidth product of 0.33. This indicates that a nearly transform-limited sech soliton pulse was generated. Fig. 4(a) shows the relationship between the output power and pump power in the 1.07 µm mode-locked Yb fiber laser. The threshold power increased to 100 mW due to the larger cavity loss at 1.07 µm. In addition, the maximum output power was 1.2 mW for a pump power of 140 mW, and the SWNT device was damaged by a higher pump power. Fig. 4(b) and (c) are the autocorrelation waveform and optical spectrum of the Yb laser output, respectively, for a pump power of 140 mW. The pulse width was 291 fs, and the 3-dB width of the spectrum was 7.1 nm, corresponding to a time-bandwidth product of 0.54. It should be noted that the Yb laser is operating in a dispersion-managed soliton regime due to the large variation of the dispersion in the cavity, and thus the output pulse is rather closer to a Gaussian pulse. The spectrum also contained two small peaks (side bands) on the wing, which is a consequence of the resonance between the soliton and the dispersive wave in the cavity [12] . Although such side bands do not generally exist in a strongly dispersion-managed soliton (stretched-pulse) laser due to the large variation in the local dispersion, they can appear if the dispersion slope is large and resonates with the nonlinear phase shift, i.e., [13, 14] . Here, the first term on the left-hand side is the linear phase shift over the cavity length L c caused by third-order dispersion 3 , and the second term is the soliton phase shift where 0 is the spectral width and h 2 i (< 0) is the average cavity dispersion. It should be noted that the magnitude of the dispersion slope is relatively large at 1.1 µm compared with that of the 1.5 µm region. Specifically, the dispersion slopes of YDF and PCF are 0.182 and 0.089 ps/nm 2 /km, respectively, which yield an average value of 0.146 ps/nm 2 /km. When N ¼ 0, Á! is calculated to be 8.33 THz, which corresponds to 5.1 nm. This estimation is in good qualitative agreement with Fig. 4(c) , where the side bands are located 4∼5 nm from the peak. We can expect to suppress the resonance by avoiding it, for example by reducing the cavity length or increasing the soliton period through a lower average dispersion.
Conclusion
We have successfully demonstrated a dual-wavelength passively mode-locked femtosecond Er-and Yb-doped fiber laser using a single SWNT/PVA saturable absorber. Broadband mode-locking operation was made possible thanks to the wide diameter distribution of SWNTs produced by the HiPCO method. 271 and 294 fs pulses were generated simultaneously at 1.55 and 1.07 µm, respectively. 
